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During embryonic and fetal life, skeletal muscle growth is dependent upon the proliferation and the
differentiation of a population of resident muscle progenitors, from which derive the muscle stem cells
of the adult, the satellite cells. Under poorly deﬁned extrinsic and intrinsic inﬂuences, muscle
progenitors proliferate, differentiate or enter a quiescent state to become reserve satellite cells. Despite
their primordial role, surprisingly little is known on the homeostasis of resident progenitors during
embryogenesis. Preliminary studies in chick and mouse describing the key progenitor populations
contributing to muscle growth during embryogenesis have led to differing results that could be due to
technical issues or to fundamental differences between animal models. To address this question,
we have undertaken a comprehensive analysis of the state of differentiation and proliferation of muscle
progenitor cells from the time of their emergence within the dermomyotome until late fetal life, when
they adopt a satellite cell-like position under the basal lamina. This was done by immunostaining
against key players of myogenic differentiation, in muscles chosen from different regions of the body in
two model organisms, the chick and mouse.
This study identiﬁed two co-existing populations of progenitors during embryonic and fetal life in
both chick and mouse: a minor, slow-cycling pool of undifferentiated resident progenitors which
express Pax7, co-existing with a major fast-cycling population that co-express Pax7 and the early
myogenic differentiation marker Myf5. We found that the overall proliferation rate of both progenitors
drastically decreased with embryonic age, as an increasingly large portion of slow and fast-cycling
progenitors entered quiescence during development.
Together, this data suggests that the cellular strategies that drive muscle growth during embryonic
and fetal life are remarkably conserved in amniotes throughout evolution. They rely on the tight
regulation of proliferation, entry in quiescence, and modulation of the cell cycle’s length for both of the
co-existing populations of muscle progenitors to maintain the homeostasis of growing muscles during
development.
& 2012 Published by Elsevier Inc.Introduction
In amniotes, all skeletal muscles of the body and the limbs derive
from the somites (Christ and Ordahl, 1995). Muscle growth during
embryogenesis primarily arises from a population of muscle pro-
genitor cells that, in the neck, trunk and tail, are derived from the
central region of the dermomyotome (i.e. the dorsal compartment of
somites). Limb muscles originate from progenitors present in the
lateral region of the dermomyotome of speciﬁc somites, which
delaminate and migrate laterally into the limb mesenchyme. The
term ‘‘resident’’ has been adjoined to ‘‘muscle progenitor cell’’ toElsevier Inc.
tralia, Australian Regenerative
ding 75, Clayton, VIC 3800,
(C. Marcelle).characterize their position within the muscle masses and to distin-
guish them from muscle progenitors within the dermomyotome.
Resident progenitors are the source of all adult post-natal stem cells,
the satellite cells. From the time of their emergence, chick and
mouse trunk muscle progenitors co-express the transcription factors
Pax3 and Pax7. Progenitors migrating in the limb mesenchyme
co-express both transcription factors in the chick, while Pax7
expression is delayed by about a day after that of Pax3 in the mouse
(Marcelle et al., 1995; Relaix et al., 2004; Ben-Yair and Kalcheim,
2005; Gros et al., 2005; Kassar-Duchossoy et al., 2005; Relaix et al.,
2005; Buckingham, 2006; Hutcheson et al., 2009). Pax3 and Pax7
have a cooperative role in the speciﬁcation of the muscle progenitor
pool, since in mice deﬁcient for both factors, resident muscle
progenitors undergo apoptosis and muscle growth is arrested
(Relaix et al., 2005). Resident muscle progenitors proliferate to
maintain or increase the size of their pool. In chick and mouse,
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their entry in the myotome) are highly proliferative (Relaix et al.,
2005; Manceau et al., 2008). In the chick, the proliferation of muscle
progenitors sharply decreases by about 50% as they enter the
primary myotome, suggesting that the primitive muscle provides
an environment that tightly controls their proliferation (Manceau
et al., 2008). However, it is currently not known whether the same is
true for mice.
From the time of their entry into the primary myotome, a
portion of resident progenitors initiates the myogenic differentia-
tion program by activating the sequential expression of myogenic
regulatory factor (MRF) transcription factors (Myf5, MyoD, Myo-
genin and MRF4) (Sassoon, 1993; Buckingham, 2007; Manceau
et al., 2008; Murphy and Kardon, 2011).
The molecular networks regulating the balance between pro-
liferation and differentiation during embryogenesis are poorly
characterized: Notch and TGF-b signaling pathways, likely
mediated by their ligands Delta1 and Myostatin, respectively,
are likely to play a role in this process (Schuster-Gossler et al.,
2007; Vasyutina et al., 2007; Manceau et al., 2008). However, it is
not known how skeletal muscles growth is dynamically regulated
during embryogenesis. In many self-renewing tissues of the adult,
such as the neural tissue or the epidermis, homeostasis is
regulated by two cell populations, a slow-cycling, less differen-
tiated stem cell population and a fast-dividing, transit-amplifying
(TA) population of cells engaged in the terminal differentiation
program (Hall and Watt, 1989; Doetsch et al., 1997). Whether or
not the same situation is encountered during skeletal muscle
development is unclear. In the early (E5) chick embryo, within the
population of Pax7þ , proliferating resident muscle progenitors,
most (88%) co-expressed Pax7 and Myf5, while the less differ-
entiated, Pax7-only fraction constituted the remaining 12% of
progenitors (Manceau et al., 2008). The relative proliferation of
those two populations was not investigated; however this obser-
vation supports a stem/TA model for muscle homeostasis during
avian development.
In contrast in the mouse, the most proliferative resident
progenitors expressed Pax3 and Pax7 while the expression of
the earliest MRF, Myf5 (monitored by immunostaining against
nLacZ knocked-in the Myf5 locus) was associated with exit from
the cell cycle (Relaix et al., 2005). This discrepancy may indicate
fundamental differences in the regulation of muscle homeostasis
of birds and rodents. Alternatively, it may be a result of differ-
ences in the mode of detection used in chick and mouse
(endogenous protein in chick vs. knocked-in reporter gene in
mouse). While reporter genes (such as GFP or b-galactosidase)
allow an easy evaluation of the expression patterns of genes in
which they are inserted, some of the physical properties that
mark their success (such as their unusually high stability -over
24 h half-life for GFP and beta galactosidase) may introduce
signiﬁcant bias in the study of dynamic processes, such as
myogenesis. The recent demonstration that postranslational
mechanisms regulate the translation of Myf5 (Crist et al., 2012)
further complicates the interpretation of results obtained with
reporters knocked into this gene and emphasizes the need to re-
examine the developmental routes that lead to the formation of
skeletal muscle during development.
In chick and mouse, resident muscle progenitors adopt a
satellite cell-like position under the basal lamina and acquire
satellite cell-like characteristics late in development (at E17-18 in
chick; E16 in mouse; Yablonka-Reuveni, 1995; Cossu and Biressi,
2005; Halevy et al., 2006). In the adult, satellite cells are in a
quiescent state from which they emerge for adult muscle growth
and repair (Grounds et al., 1992; Cornelison and Wold, 1997),
however, it is not known at what developmental stage this exit
from the cell cycle occurs.In this paper, we have undertaken a comprehensive analysis of
the state of differentiation and proliferation of muscle progenitor
cells from the time of their emergence within the dermomyotome
until late fetal life, when they adopt a satellite cell-like position
under the basal lamina. This was done by immunostaining against
key players of myogenic differentiation, in muscles chosen from
different regions of the body and in two model organisms, the
chick and the mouse. Our results suggest that the cellular
strategies that drive muscle growth during embryonic and fetal
life have been evolutionary conserved in amniotes: they implicate
the co-existence of two populations of resident progenitors, thus
supporting a stem/TA model of skeletal muscle homeostasis
during embryonic development.Materials and methods
Embryo preparation
Chick embryos at 5, 9, 14 and 17 days of development were
analyzed and compared to mouse embryos at equivalent stages of
development (Schneider and Norton, 1979), i.e. 12, 13, 15 and 18
days of development.
The embryos were dissected in ice-cold PBS, and ﬁxed in 4%
formaldehyde/PBS, for different times, depending on the devel-
opmental stages. Chick embryos at E5 and E9 were ﬁxed for 2 h at
room temperature, or overnight at 4 1C for E14 and E17. For mice,
the timing of ﬁxation was 10 min at E12 and E13, 15 min at E15,
and 30 min at E18 (at this stage of development, the skin was
removed, to allow better penetration of the ﬁxative).
Chick and mouse embryos were embedded in gelatin/sucrose
after ﬁxation, and sectioned using a cryostat (12 mm sections).
Young embryos (E9 in mice and E3.5 in chick) were dissected
and ﬁxed in 4% formaldehyde for 15 min. Whole mount immu-
nostaining were performed, then embryos were placed in 80%
glycerol for imaging.Antibodies, immunohistochemistry and confocal analysis
For immunoﬂuorescent stainings, the following antibodies
were used: Pax7 (1/10, mouse monoclonal, Hybridoma Bank),
cMyf5 (1/500, rabbit polyclonal, provided by Bruce Paterson),
mMyf5 (mouse monoclonal, Santa Cruz, C20), Ki67 (mouse
monoclonal, Abcam, ab27619), Desmin (mouse monoclonal,
DAKO, Clone D33) and Laminin (mouse monoclonal, Abcam,
ab14055). Primary staining was performed overnight on sections
in a PBS–BSA–Triton solution (PBS 1X, BSA 1% and Triton 0.5%).
The slides were washed several times in PBS, and a secondary
staining using AlexaFluor antibodies was performed. Slides were
mounted with Fluoromount, and analyzed with a SP5 Leica
confocal. For mouse sections, prior to the primary staining, a
saturation step with the M.O.M kit (Vector Labs) was performed
during 1 h.EdU staining
EdU (Invitrogen) injection (5 mg/ml stock solution) was used
to analyze proliferation. Chick embryos were exposed to EdU
(100 ml/embryo) at early stages of development (E5 and E9) or
injected with EdU in the hindlimb at later stages of development
(E14 and E17), for 1.5 h.
For mouse, an intra-peritoneal injection was performed on
pregnant mice (300 mL of 5 mg/ml stock solution). Embryos were
dissected 1.5 h later.
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More than 500 cells, in at least 3 embryos, were counted at each
stage of development in chick and mouse embryos. Statistical
analyses were performed using a GraphPad Prism software.
Mann–Whitney non-parametric two-tail testing was applied to
determine the P-values shown in the ﬁgures (***¼P-valueo0.0001).
In each graph, bars correspond to the standard deviation.Results
In mouse and chick, Pax7þ /Myf5þ cells constitute the major
population of resident muscle progenitors throughout development
Previous studies indicated that the vast majority of resident
muscle progenitors co-express Pax7 and Myf5 at early stages of
chick development (Manceau et al., 2008). We have extended this
analysis in the chick, at later stages of embryonic and fetal
development, and compared this to equivalent stages of mouse
embryos. This study was performed by immunostaining cryosec-
tions of chick and mouse embryos of equivalent developmental
stages with Myf5 and Pax7-speciﬁc antibodies. We characterized
muscles distributed in 4 regions of the embryo, i.e. dorsal,
intercostal, hindlimb and forelimb muscles (the Supplementary
Fig. 1 shows the location of the muscle masses that were analyzed
here, stained with the late differentiation marker desmin). When
data obtained for all muscles were pooled together, we observed
that the proportion of resident muscle progenitors expressing
only Pax7 was signiﬁcantly lower than that of progenitors
expressing both Pax7 and Myf5, at most developmental stages
in both the chick and mouse (Fig. 1A–Q and Fig. 2A–Q). In chick,
the proportion of progenitors expressing only Pax7 remained at a
low level (18% at E5 and 21% at E17) throughout development
(Fig. 1Q). A similar pattern was also observed in mouse, as the
proportion of Pax7 progenitors remained consistently lower (18%
at E12; 36% at E18) than those expressing both Pax7 and Myf5
(Fig. 2Q) during development.
However, a signiﬁcant variation from this pattern was
observed at E14 (chick) and E15 (mouse), when we observed that
the proportion of Pax7-only progenitors temporarily increased.
While in chick, their proportion remained signiﬁcantly lower than
those expressing Pax7 and Myf5 (32% vs. 68%), in mouse the
proportion of Pax7 progenitors was almost equivalent to that of
progenitors expressing Pax7 and Myf5. A closer look at the
proportion of progenitors in individual muscle masses indicated
that this was due to a sharp increase in the proportion of Pax7-only
progenitors in the dorsal and hindlimb muscle in the chick and the
forelimb and hindlimb muscle in the mouse (Supplementary
Fig. 2A and B).
Despite the transitory increase in Pax7-only progenitors
observed at E14 (chick) and E15 (mouse), we conclude that
throughout development, the vast majority of (Pax7þ) resident
muscle progenitors co-express the early myogenic differentiation
factor Myf5, indicative of their engagement into the myogenic
program.
Two populations of progenitors with distinct proliferative
characteristics co-exist during amniote muscle development
We previously observed a 50% decrease in the rate of prolifera-
tion as progenitors translocate from the dermomyotome into the
trunk primary myotome in chick (Manceau et al., 2008). We thus
investigated whether the same decrease in proliferation also occurs
during mouse development. In the trunk region, the dermomyotome
undergoes an epithelial to mesenchyme transition (EMT) at E3.5 inchick and at E10.5 in mouse (Gros et al., 2005; Relaix et al., 2005).
Using EdU labeling in chick and mouse, we observed very similar
proliferation rates (71% chick at E3; 74% mouse at E9) in dermo-
myotomal cells (which all express Pax7) of both organisms prior to
dermomyotome EMT (Fig. 3K and L, and Supplementary Fig. 6A–D
and Fig. 7A–D). We evaluated the proliferation rate of resident
muscle progenitors about one day after EMT. This was done by
counting the percentage of EdU-positive cells within the Pax7-
positive population (i.e. whether they express Myf5 or not). We
observed in both chick and mouse a strong decrease in the number
of EdUþ/Pax7þ cells: at E5 in chick, 40% of Pax7-positive cells were
EdU-positive. This corresponds to a decrease of almost 50%, that is
consistent with previously published data; in mouse at E12, 51% of
Pax7-positive cells were EdU-positive, corresponding to a decrease
of 31% in proliferation (Fig. 3K and L and Supplementary Fig. 6E–H
and Fig. 7E–H). This suggests that in both organisms, the myotome
acts as a constraining environment on muscle progenitors, strongly
regulating their proliferation soon after their entry into the primary
myotome. Throughout development, we observed a consistent
decline of proliferation in chick and mouse, with a more rapid
decrease in proliferation rate as they adopted a satellite cell-like
position at E17 and E18 in the chick and mouse, respectively
(Figs. 3K and L and Supplementary Fig. 5). In chick, only 4% of
progenitors were EdU-positive at E17, while a higher percentage of
EdU-positive cells (23%) were found in mouse at E18 (Fig. 3K and L
and Supplementary Fig 6 A–P and Fig. 7A–P).
We then compared the proliferation rates of Pax7þ and
Pax7þ/Myf5þ cells. In both organisms, at all examined develop-
mental stages, the Pax7þ/Myf5þ population proliferated at a
consistently higher rate than the Pax7þ population (Fig. 3M and
N). From E5 to E17 in the chick, the Pax7þ/Myf5þ population
proliferated at a signiﬁcantly higher rate that was approximately
50% higher than the Pax7þ , less differentiated population. The same
observation was true as well in mouse from E12 to E15, however, as
the mouse progenitors adopted a satellite cell-like position at E18,
the proliferation rate of the Pax7þ population was not signiﬁcantly
different from that of the Pax7þ/Myf5þ population. As described
earlier, close examination of individual muscles illustrated impor-
tant variations between distinct muscles, in particular in mouse,
underlying the caution needed to draw general conclusion from
locally restricted analyses (Supplementary Fig 3A–D and Fig. 4A–D).
Our results demonstrate that in chick and mouse, the local
environment (i.e. the primary myotome) plays an essential
regulatory role in the proliferation of resident muscle progenitors.
In both birds and mammals, the initiation of Myf5 expression is
associated with a signiﬁcant increase in muscle progenitor pro-
liferation. Our study further suggests that during development of
chick and mouse, homeostasis of the growing muscle masses is
regulated by a minor, slow cycling, less differentiated population
and a major, highly proliferative pool of cells engaged further in
the myogenic program.A large fraction of progenitors exit cell cycle before adopting satellite
cell-like characteristics
While it is largely accepted that adult satellite cells are
quiescent (Brack and Rando, 2012), it is unknown when the state
of quiescence is acquired. To address this, we have immunos-
tained sections of embryos with the Ki67 antibody, which is
expressed during the entire length of the cell cycle and is there-
fore extensively utilized in mouse and human to identify cycling
cells (Gerdes et al., 1984). Sections of mouse embryos at E12
and E15 revealed that early in muscle development (at E12)
virtually all (98%) resident progenitors (Pax7þ together with













Fig. 1. Characterization of the resident muscle progenitor population during chick embryonic development. (A–P) Representative sections of developing chick hindlimb
muscles immunostained with Pax7 (in red) and Myf5 (in green). Stages of embryonic development: E5 (A–D), E9 (E–H), E14 (I–L) and E17 (M–P). D, H, L and P are
enlargements of C, G, K and O respectively. Arrows (in D, H, L and P) indicate muscle progenitors expressing only Pax7, while arrowheads show progenitors expressing both
Pax7 and Myf5 (in yellow). (Q) Quantiﬁcation of the percentage of Pax7þ and Pax7þ/Myf5þ muscle progenitors in A–P. For each stage of development, more than 3500
cells have been counted (see Supplementary Table 1), the error bars represent standard deviation.
C.A. Picard, C. Marcelle / Developmental Biology 373 (2013) 141–148144Pax7þ/Myf5þ cells) were positive for Ki67 (Fig. 4A–D, and I). In
contrast, at E15 (i.e. prior to the ﬁrst appearance of satellite-like
cells in muscle masses), 28% of progenitors were Ki67-negative,
indicating a large fraction of progenitors had already exited the
cell cycle prior to satellite-like cell formation (Fig. 4E–H and I).When Pax7-only and Pax7þ/Myf5þ progenitors were exam-
ined separately, we observed that although both populations
demonstrated a similar proportion of cycling cells at E12, they
exited from cell cycle at a different rate later in development,
since 51% of Pax7 and 21% of Pax7þ/Myf5þ progenitors were















Fig. 2. Characterization of the resident muscle progenitor population during mouse embryonic development. (A–P) Representative sections of developing mouse hindlimb
muscles immunostained with Pax7 (in red) and Myf5 (in green). Stages of embryonic development: E12 (A–D), E13 (E–H), E15 (I–L) and E18 (M–P). D, H, L and P are
enlargements of C, G, K and O respectively. Arrows (D, H, L and P) indicate muscle progenitors expressing only Pax7, while arrowheads show progenitors expressing both
Pax7 and Myf5 (in yellow). (Q) Quantiﬁcation of Pax7þ and Pax7þ/Myf5þ muscle progenitors in A–P. For each stage of development, more than 2400 cells have been
counted (see Supplementary Table 2), the error bars represent the standard deviation.
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portion of the slow and the fast cycling populations of resident
muscle progenitors exit from cell cycle before they position
themselves under the basal lamina. Unfortunately, there is nochicken homolog for the Ki67 nuclear protein, therefore we could
not perform this analysis in chick embryos.
Comparison of the Ki67 staining data with the EdU prolifera-

















Fig. 3. Pax7þ and Pax7þ/Myf5þ resident muscle progenitors display different proliferation rates. (A–J) EdU staining (blue) performed on representative sections of chick
(A–E) and mouse (F–J) developing hindlimb muscles immunostained for Pax7 (red) and Myf5 (green). E and J are enlargements of D and I respectively. (K and L)
Quantiﬁcation of the proportion of EdU-positive, Pax7-positive cells in chick (K) and mouse (L) embryos (see Supplementary Table 3 and 4). (M and N) Quantiﬁcation of the
proportions of EdU-positive Pax7-positive and EdU-positive Pax7/Myf5-positive cells in chick (M) and mouse (N). (See Supplementary Tables 3-6.) For each stage, more
than 3500 (chick) or 2400 (mouse) cells were counted, the error bars represent the standard deviation.
C.A. Picard, C. Marcelle / Developmental Biology 373 (2013) 141–148146maintenance of all progenitors in cell cycle, EdU labeling sharply
decreased (22% decrease; Fig. 3L), indicative of an important slowing
down of cell cycle during that period. Conversely, from E12 to
E15, while 28% of progenitors exited cell cycle, proliferation onlydecreased by 8% (Fig. 3L), suggesting that cell cycle was accelerated
during that time. It will be important to determine whether extrinsic
or intrinsic factors regulate the variation of cell cycle length in






Ki67 Myf5 Pax7 Merge
Fig. 4. Muscle progenitors exit the cell cycle before adopting satellite cell-like characteristics. (A–H) Representative sections of developing mouse hindlimb muscles
immunostained with Ki67 (blue) indicative of cycling cells, together with Pax7 (red) and Myf5 (green) at E12 (A–D), and E15 (E–H). (I) Quantiﬁcation of the proportion of
Ki67-positive cells within the Pax7-positive population at E12 and E15. (J) Quantiﬁcation of the Ki67-positive cells within the Pax7-only (in black) and Pax7/Myf5 (in gray)
populations, (see Supplementary Tables 7). The error bars represent the standard deviation.
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In this study, we have followed the fate and the proliferation of
resident muscle progenitors, from their emergence in the dermo-
myotome, until late fetal life, when they adopt adult satellite cell-like
characteristics. A recurrent question in the ﬁeld is whether the
muscles of birds and rodents develop in a similar manner, therefore
we have analyzed properties of muscle development in both organ-
isms. Since no previously published studies have systematically
addressed the homeostasis of distinct muscles, we have analyzed
different muscle groups of the developing embryo. Finally, all experi-
ments were performed using antibodies directed against the native
proteins, Pax7 and Myf5, rather than knocked-in reporters.
The stability of the most commonly used reporter gene products
is exceptionally long (24 and 30 h reported half-life for GFP and
b-Galactosidase, respectively) in comparison to the majority of
proteins encoded by the genome (for which the half-life ranges
between 30 and 120 min for the large majority of them; (Gonda
et al., 1989; Yen et al., 2008)). Thus, the reporter expression patterns,
whether detected by immunostaining or by enzymatic activity,
often does not faithfully reﬂect the expression pattern of the
endogenous proteins they replace, in particular when those proteins
display very dynamic expression, as MRFs do.
Immunostaining of muscles (in particular with Myf5, one of the
most difﬁcult of the MRFs to detect) is increasingly challenging as
muscles develop, thus many studies to date have characterizedvarious aspects of myogenic differentiation using easily detectable
transgenic reporters. The procedure we have followed, i.e. to
examine the expression of the native proteins, likely explains some
of the discrepancies observed between the results obtained here and
previous studies.
An important observation is the strikingly similar properties of
chick and mouse resident muscle progenitor populations during
development. Together with the similarities, that had been pre-
viously identiﬁed in both models, in the timing and mode of entry of
progenitors from the dermomyotome in the primary myotome
(Ben-Yair and Kalcheim, 2005; Gros et al., 2005; Kassar-Duchossoy
et al., 2005; Relaix et al., 2005), this considerably reinforces the
hypothesis that the cellular and molecular strategies that regulate
muscle growth during development are conserved from birds to
mammals. It would be interesting to investigate at which point
during evolution this mechanism has emerged.
Despite the overall similar tendencies observed in both organ-
isms during muscle development, our study also shows that
signiﬁcant differences are observed between distinct muscles
and at different developmental stages. It is possible that speciﬁc
growth requirements at deﬁned stages or locations explain the
bursts and decreases of progenitor populations that we have
observed. Whichever the reason, this emphasizes the caution that
should be taken when extrapolating results obtained at speciﬁc
stages of development or in speciﬁc muscle masses to the entire
organism.
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birds and mouse express Pax7 (Gros et al., 2005; Relaix et al.,
2005; Manceau et al., 2008), our study does not rule out the
possibility that minor Pax7-negative muscle progenitor popula-
tions may contribute to muscle growth during development. In
particular, it would be interesting to examine whether Pax3þ/
Pax7- (proliferative or quiescent) progenitors co-exist in the
muscle masses during development.
Remarkably, our data show that in birds and rodents, the
Pax7þ and Pax7þ/Myf5þ populations display distinct size and
proliferation characteristics, the expression of Myf5 being asso-
ciated with an important increase in population size and cell
proliferation. It is however likely that progenitor proliferation and
Myf5 expression are uncoupled events and that yet-to-be-
identiﬁed factors, acting around the time that Myf5 expression
is initiated, trigger this large increase in cell proliferation.
It is difﬁcult not to draw a parallel with other stem cell
systems where a minor stem-like, slow cycling cell population
co-exist with a major fast-cycling population of cells with limited
differentiation capacities (thereby named transit-amplifying
population). Our ﬁnding provides the ﬁrst evidence that the
developing muscle is organized on this model.
Our data suggests that as embryonic development proceeds,
additional sub-groups within the Pax7þ and Pax7þ/Myf5þ cell
populations emerge, as a fraction of both populations entered
quiescence. While the quiescence of satellite cells in the adult is
well established, the time at which they enter quiescence has not
been determined. We show that quiescence takes place before
muscle progenitors adopt satellite cell-like characteristics, and
may be as early as one day after they entered the primary myotome,
since a small proportion (5%) of Pax7þ resident progenitors was
negative for Ki67 at that developmental stage. A surprising result is
our observation that a signiﬁcant proportion (20%) of the fast
proliferating Pax7þ/Myf5þ progenitors also exit cell cycle at E15.
It is unknown whether progenitors that enter quiescence during
development will remain so until adulthood or whether this is a
temporary state from which they can emerge when needed. Notch
signaling and micro-RNAs 31 and 489 have been shown to promote
quiescence of satellite cells in the adult (Bjornson et al., 2012;
Cheung et al., 2012; Crist et al., 2012; Mourikis et al., 2012). It would
be important to determine whether these factors are implicated in
the exit from cell cycle during development.
In conclusion, the systematic analysis we have undertaken on the
differentiation and proliferation of resident muscle progenitor sheds
a novel light on our understanding of muscle homeostasis through-
out embryonic development. It identiﬁed a number of cellular levels
at which muscle growth is regulated during development, that
includes cell proliferation, length of cell cycle, entry in quiescence,
and of course myogenic differentiation that together orchestrate the
harmonious growth of the embryo’s muscle masses. We believe this
study provides a solid ground on which analyses aimed at identify-
ing gene networks regulating the balance between stem cell
quiescence and differentiation may rely.Appendix A. Supporting information
Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.ydbio.2012.10.018.References
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